Ultra-large von Willebrand Factor (UL-VWF) multimers are thought to play a central role in pathogenesis of the disease thrombotic thrombocytopenic purpura (TTP), however experimental evidence in support of this hypothesis has been difficult to establish. Therefore, to examine directly the requirement for VWF in TTP pathogenesis, we generated ADAMTS13-deficient mice on a TTP-susceptible genetic background that were also either haploinsufficient (Vwf+/-) or completely deficient (Vwf-/-) in VWF. Absence of VWF resulted in complete protection from shigatoxin (Stx)-induced thrombocytopenia, demonstrating an absolute requirement for VWF in this model (Stx has been shown previously to trigger TTP in ADAMTS13-deficient mice). We next investigated the requirements for ADAMTS13 and VWF in a murine model of endotoxemia. Unlike Stx-induced TTP findings, LPS-induced thrombocytopenia and mortality were not affected by either VWF or ADAMTS13 deficiency, suggesting divergent mechanisms of thrombocytopenia between these two disorders. Finally, we show that VWF deficiency abrogates the ADAMTS13-deficient prothrombotic state, suggesting VWF as the only relevant ADAMTS13 substrate under these conditions. Together, these findings shed new light on the potential roles played by ADAMTS13 and VWF in TTP, endotoxemia, and normal hemostasis.
Introduction
Adhesion molecules and their receptors on platelets, along side of coagulation factors, are important players in thrombus formation on an injured vessel wall. 1 The plasma glycoprotein von Willebrand Factor (VWF) is an adhesion molecule that provides the initial link between circulating platelets and sites of vascular injury by binding to components of the extracellular matrix, and to the platelet surface glycoprotein GPIb alpha. VWF also contributes to thrombus formation indirectly by binding and stabilizing coagulation Factor VIII. 2 The essential role of VWF in hemostasis is illustrated clinically in patients with the bleeding disorder von Willebrand disease; and in mouse models, the role of VWF in occlusive thrombus formation is evident at both arterial and venous shear rates. 3, 4 VWF is synthesized by endothelial cells and megakaryocytes where it is processed from an initial pro-VWF monomer into larger multimeric forms. 5, 6 VWF not released constitutively is stored in specialized organelles both in endothelial cells (Weibel-Palade bodies), and platelets (alpha granules). 7 Upon cellular activation, stored VWF is released in a form termed ultra-large VWF (UL-VWF), which is thought to represent the most adhesive and thrombogenic form of this molecule. 8, 9 Soon after release, UL-VWF is processed into smaller and less thrombogenic multimers by the metalloprotease ADAMTS13, and therefore UL-VWF is not typically detected in normal human plasma. 10, 11 In 1982 Moake and colleagues demonstrated the presence of UL-VWF in the plasma of patients suffering from chronic relapsing thrombotic thrombocytopenic purpura (TTP), a disorder of
For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From thrombotic microangiopathy (TMA) characterized clinically by microangiopathic hemolytic anemia, thrombocytopenia, neurological abnormalities, fever and renal dysfunction. 10, 12 These investigators hypothesized that UL-VWF played an important role in the formation of the platelet and VWF-rich thrombi characteristic of this disease. Pathogenesis of TTP has now been linked to deficiency of ADAMTS13, which can either be familial (mutations in the ADAMTS13 gene), or more commonly acquired (inhibitory auto-antibodies generated against ADAMTS13).
13-16
Investigation into the natural history of TTP has demonstrated that ADAMTS13 deficiency is necessary, but not sufficient for the development of this disease, suggesting the requirement for additional genetic and/or environmental factors in TTP pathogenesis (reviewed in reference 17 ).
Recently, we have developed a mouse model of TTP that recapitulates many of the key clinical features of this disease, including a requirement for further genetic and environmental factors in addition to ADAMTS13 deficiency. 18 Immunohistological studies demonstrated that the thrombi that develop in these mice are remarkably similar to those that are found in patients with TTP, staining strongly for VWF, and relatively weakly for fibrin. 18, 19 These and other studies suggest that in both humans and mice, VWF is a key component in TTP pathogenesis. Additionally,
although not yet observed in humans, we and others have found that complete deficiency of ADAMTS13 in mice is prothrombotic, even in the absence of findings consistent with TTP. 20, 21 Despite the important role postulated for VWF in TTP pathogenesis, direct experimental evidence in support of this hypothesis is lacking. Additionally, decreased levels of ADAMTS13
(along with impaired UL-VWF proteolysis), and increased levels of plasma VWF have been
For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From hypothesized to be contributory to the pathophysiology of sepsis. [22] [23] [24] Therefore, to investigate these hypotheses experimentally, we undertook a genetic approach, and generated mice deficient for both ADAMTS13 and VWF on two genetic backgrounds: 1) a mixed-strain background to study shigatoxin (Stx)-induced TTP pathology, and 2) a C57BL/6 background to investigate LPS-induced pathology. Additionally to date, VWF is the only known substrate of ADAMTS13.
We realized that that generation of a mouse line deficient for both ADAMTS13 and VWF on the C57BL/6 background could be used to investigate whether other substrates exist for were homozygous-null for Adamts13 and heterozygous for Vwf were then intercrossed to obtain the required combination of genotypes. The strain contributions for these mice were approximately 61% CASA/Rk, 32% C57BL/6, and 7% 129x1/Sv. As these mice were derived by several generations of matings, they were not genetically identical to those mice that we have studied and reported previously. 18 The mice used for the LPS and thrombosis studies were backcrossed 8 generations onto C57BL/6. Wild-type control mice used for the thrombosis studies were obtained from The Jackson Laboratory, otherwise littermate controls were used for all experiments.
Platelet count analysis. Blood was collected into 20µl EDTA-coated capillary tubes (Drew Scientific) by retro-orbital bleeding under isoflurane anesthesia. Analysis was performed with a Bayer Advia 120 whole blood analyzer (Bayer Diagnostics) using the murine C57BL/6 algorithm.
VWF ELISA analysis. Plasma VWF levels were quantified by ELISA as described, 25 using
anti-VWF antisera A0082 as the primary antibody, and HRP-conjugated VWF anti-sera (Dako)
as the secondary. Detection was with 1-step Ultra TMB (Pierce). Results were expressed in units relative to pooled C57BL/6 control plasma which was designated as 10.
Stx and LPS challenge. Shigatoxin (Stx-2, Sigma) was diluted to a final concentration of 25 pg/µl in normal saline, and anesthetized mice (equal numbers of males and females, age 6 to 8
For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From weeks) were injected I.V. with the indicated dose. LPS from E. coli serotype 055:B5 (Sigma) was diluted in sterile PBS to a final concentration of 8 mg/ml, and anesthetized mice (equal numbers of males and females, age 15 to 30 weeks) were injected I.P. with the indicated dose.
Platelet preparation and intra-vital microscopy. The mice used were 3-4 weeks old, both male and female, weighing 12 to 15 grams. Blood was harvested from the retro-orbital venous plexus and collected in 1.5 ml polypropylene tubes containing 300 µl of heparin (30 U/ml).
Infused platelets were isolated from 3 to 5 month old mice of the same genotype and prepared as described previously. 20 Thrombosis in the injured arterioles was studied by intra-vital microscopy as described previously. 20 Briefly, mice were anesthetized with 2.5% tribromoethanol (0.15 ml/10 g), and fluorescent platelets (2.5 × 10 9 platelets/kg) were infused through the retro-orbital plexus. Mesenteric arterioles of approximately 100 µm diameter were studied. The centerline velocity was measured using a optical Doppler velocity meter and shear rate was calculated as previously described. 26 Whatman paper saturated with FeCl 3 (10%) solution was applied topically for 5 minutes, which induced denudation of the endothelium.
Subsequently vessels were monitored for 40 minutes after injury, or until occlusion. One arteriole was chosen per mouse.
Quantitative analysis of arteriolar thrombus formation. All analyses were performed blinded to genotype. We evaluated: 1) the time required for formation of a thrombus larger than 20 µm,
2) the occlusion time of the vessel, i.e., the time required for blood to stop flowing for 30 seconds, and 3) thrombus growth (fold increase), which was calculated by dividing the diameter of the thrombus at time (n) by the diameter of the same thrombus at time (0). 
Results and Discussion
A threshold level of VWF is required for Stx-induced thrombocytopenia. We have demonstrated previously that mice comprising a genetic contribution from the CASA/Rk, C57BL/6, and the 129x1/Sv strains exhibit thrombocytopenia and other TTP findings in response to Stx, but mice comprising only the C57BL/6 and 129x1/Sv backgrounds do not. 18 Therefore to investigate the requirement for VWF in Stx-induced thrombocytopenia, we crossed the VWF null allele 3 onto the CASA/Adamts13-/-background, ultimately resulting in mice that were all ADAMTS13-deficient, and either wild-type, heterozygous-, or homozygous-null for Vwf (Vwf +/+, Vwf+/-, or Vwf-/-). From birth through the time of study, these mice did not become illappearing or demonstrate blood count findings consistent with TTP.
Challenge of the VWF-expressing (Vwf +/+ or Vwf+/-) CASA/Adamts13-/-mice with Stx resulted in significant thrombocytopenia (Figure 1, dashed line) , similar to what we have observed previously. 18 In contrast, littermate CASA/Adamts13-/-mice deficient for VWF (Vwf-/-) did not respond to the same dose of Stx (Figure 1, solid line) . Additionally, 6 day mortality in the VWF-expressing mice (81% [13 of 16] ) exceeded that of the VWF-deficient mice (56% [5 For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From of 9], p < 0.02). These results demonstrate the clear requirement for VWF in Stx-induced thrombocytopenia and TMA-related mortality in this system, and provide formal experimental evidence supporting the crucial role of VWF in the pathogenesis of TTP. The 56% mortality observed in the VWF-deficient mice was not due to TMA as these mice did not develop thrombocytopenia, and likely is secondary to the non-specific toxic effects of Stx which have been observed in a wide range of animal models. 27 We have also demonstrated previously that plasma VWF levels did not correlate with Stxinduced pathology, suggesting that an elevated VWF level is not a TTP risk factor in mice. 18 In this current experiment, the VWF-expressing mice also exhibited a wide range of plasma VWF, with the Vwf+/-animals not surprisingly possessing the lowest levels. Thus we were again able to compare pre-challenge plasma VWF level with degree of response to Stx, and similarly, no correlation was observed (Figure 2) . Together, these results suggest that a threshold level of VWF is required for induction of Stx-induced thrombocytopenia (and therefore likely TTP), but that further increases may not result in worsening disease. Although these results do not demonstrate the absolute threshold of VWF required for Stx-induced thrombocytopenia, we can infer this value must at least be as low as 20 units (2 times the C57BL/6 reference of 10 units), as several mice with VWF of ~20 units responded to Stx (Figure 2) . Though remaining to be confirmed in humans, these data suggest that the wide variation in plasma VWF levels in the human population alone may not be a primary determinant of TTP susceptibility or disease severity.
For
LPS-induced thrombocytopenia occurs independently of VWF, and ADAMTS13 deficiency
does not worsen LPS-induced thrombocytopenia or mortality. Intra-peritoneal (IP) injection of mice with LPS is a well-established animal model of endotoxemia and gram-negative sepsis, and reliably induces thrombocytopenia in wild-type C57BL/6 mice. 28, 29 Therefore to investigate the functions of VWF and ADAMTS13 in this process, we crossed the VWF null allele onto the ADAMTS13-deficient background, ultimately resulting in littermate mice (8 generations backcrossed to C57BL/6) that were deficient for either ADAMTS13 (Adamts13-/-, Vwf+/-),
VWF (Adamts13+/-, Vwf-/-), both (Adamts13-/-, Vwf-/-), or neither (Adamts13+/-, Vwf+/-).
Equal numbers of mice in each group were challenged individually with LPS, and platelet counts were followed for 4 days. Mice of the mixed CASA genetic background were not used for LPS studies because preliminary experiments in genetically similar mixed background mice resulted in variability sufficient to preclude interpretation (data not shown).
As shown, VWF-expressing and VWF-deficient mice responded similarly to LPS challenge Thus complete deficiency of either VWF or ADAMTS13 (relative to heterozygous levels) has no effect on thrombocytopenia or mortality in this model of endotoxemia. These results are in clear The observation that absolute VWF deficiency has no effect on LPS-induced thrombocytopenia is not consistent with previous hypotheses that elevated plasma VWF may be an important contributing factor to the thrombotic tendencies observed in multiple clinical syndromes, including sepsis (reviewed in reference 24 ). However, Camerer and colleagues have demonstrated recently that murine LPS-induced thrombocytopenia also does not require platelet PAR4 or fibrinogen, 28 and Andonegui and colleagues showed that neutrophils and the LPS receptor (TLR4) expression (both systemically and on platelets) are required for thrombocytopenia secondary to LPS injection. 30 Together with our results, these findings suggest that LPS-induced thrombocytopenia may occur primarily through an inflammatory mechanism, rather than via a consumptive process secondary to disseminated intravascular coagulation (DIC). Finally, despite evidence from recent clinical studies associating reduced ADAMTS13 activity with severity of sepsis-induced DIC, 22, 23 our observation that ADAMTS13 deficiency has no effect in this model perhaps is not surprising in light of the finding that VWF also is not required for LPSinduced thrombocytopenia.
For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From VWF deficiency abrogates the ADAMTS13-deficient prothrombotic state. We have previously observed that murine ADAMTS13 deficiency on a mixed genetic background (C57BL/6, 129x1/Sv) accelerates thrombosis in injured arterioles. 20 Before investigating the role of VWF in this process, we first confirmed our previous findings in Adamts13-/-mice backcrossed 8 generations to the C57BL/6 strain background ( Figure 5) . Following FeCl 3 injury, there was a significant decrease in time needed to form the first thrombus >20 µm in the The shear rate and diameter of arterioles studied were similar for both groups of mice ( Table 1) .
These results confirm that the prothrombotic state induced by ADAMTS13 deficiency also occurs in C57BL/6 mice.
We next performed a similar series of experiments in Adamts13+/+ and Adamts13-/-mice that were also deficient for VWF ( Figure 5) . We reasoned that if VWF indeed is the only relevant substrate for ADAMTS13, then complete VWF deficiency should abrogate the prothrombotic state induced by ADAMTS13 deficiency. Conversely, continuing to observe an effect of ADAMTS13 deficiency in the absence of VWF would suggest the existence of an ADAMTS13 substrate(s) in addition to VWF.
Compared to VWF-expressing mice, VWF deficiency resulted in a significant increase in time to first thrombus >20 µm, which no longer differed between Adamts13-/-mice (10.7 ± 0.4 minutes) and Adamts13+/+ mice (10.6 ± 0.7 minutes [ Figure 5A, columns 3 and 4] ). Furthermore, the actual rate of individual thrombus growth was nearly identical in the VWF-deficient Adamts13-/-and Adamts13+/+ mice (Figure 6 ). Finally, regarding the average time to total FeCl 3 -induced vessel occlusion in the VWF-deficient mice, most of the injured arterioles did not occlude in either the Adamts13+/+ or Adamts13-/-mice ( Figure 5B, columns 3 and 4) , demonstrating that ADAMTS13 deficiency was not sufficient to overcome the effect of VWF deficiency in this
system.
These results demonstrate that the absence of ADAMTS13 in the setting of VWF-deficiency no longer results in a prothrombotic state, suggesting VWF as the only relevant substrate for ADAMTS13 in this model of thrombus growth and stability under arterial shear conditions. However, as with any similar genetic experiment, the effect of ADAMTS13 on other potential substrates could theoretically be masked by an upstream or downstream requirement for VWF.
In conclusion, we have taken a genetic approach to investigate the combined roles of ADAMTS13 and VWF in murine models of TTP, endotoxemia, and thrombosis. Our results provide formal experimental evidence supporting the hitherto putative crucial role for VWF in the pathogenesis of TTP, but conversely, do not support an essential role for ADAMTS13 or VWF in a murine model of endotoxemia-associated thrombocytopenia. When considered together with recent findings from other groups, these results suggest further that LPS-induced thrombocytopenia may not result solely from platelet consumption mediated by activation of coagulation pathways, but rather, may occur secondary to inflammatory processes. 28, 30 Finally, we also provide initial evidence in support of the notion that VWF is the major, and perhaps only, substrate for ADAMTS13 in the setting of arteriolar thrombosis. Figure 6 . ADAMTS13 deficiency does not affect the rate of thrombus growth in the absence of VWF. Thrombus growth kinetics were calculated by dividing the diameter of the thrombus at time (n) by the diameter of the same thrombus at time (0). Thrombi that were at least 30 µm in diameter were followed for 2 minutes. The rate of thrombus growth in the VWFdeficient Adamts13-/-mice (dashed line with diamonds) was similar to the VWF-deficient Adamts13+/+ mice (solid line with squares). The slope for both groups of mice was 0.002. The errors bars represent the standard error of the mean.
